Abstract. We derive a theoretical mechanism for the charge transfer between colliding ice and soft hail particles, based on current ideas of surface melting. According to this theory, each of the ice surfaces is covered with a film of quasi-liquid water, whose thickness can be estimated as a function of temperature and local curvature. We show that during contact of two particles, fluid will flow from the thicker to the thinner layer, and we estimate the volume transferred in atmospherically relevant situations. We postulate a charge structure within the surface-melted layer based on observations on similar systems and show that this leads to estimated charge transfers consistent in approximate magnitude and sign with trends observed in the laboratory. The mechanism, or set of physical processes producing the observed charge transfer, is not understood despite a great number of candidate mechanisms that have been proposed in the recent literature. Because of the wide variety of experimental conditions and types of simulations performed, it is not clear that the charging observed is always due to the same microscopic phenomenon.
Introduction
Many laboratory studies [Takahashi, 1978 All the laboratory experiments, which we collectively refer to as simulations, were carried out in room air under conditions that did not permit direct, microscopic observations of the small-scale surface character at the point of collision or fracture. Thus there is considerable ambiguity in definition of the thermodynamic and chemical state of the "active" surface, that tiny part of the particle surface actually responsible for its acquisition of net charge. Since riming appears to play an important role in charging, most of the simulations have been carried out as the ice surface is riming and thus may in part be sublimating, in part growing from the vapor, in part wet, and in part dry. It is therefore necessary to make assumptions about temperature and supersaturation gradients in and near the active surface during the tenth of a microsecond or so [Buser and Aufdermaur, 1977] during which charge separation occurs.
The mechanism, or set of physical processes producing the observed charge transfer, is not understood despite a great number of candidate mechanisms that have been proposed in the recent literature. Because of the wide variety of experimental conditions and types of simulations performed, it is not clear that the charging observed is always due to the same microscopic phenomenon.
Theory of Charging
We define the requirements for a satisfactory model of the charge transfer mechanism as a set of detailed answers, based on the known physics of ice and ice-vapor interfaces, to the following three questions: (1) What are the charge carriers? (2) What drives the flow of charge? (3) What are the explanations for the observed correlations between charging and cloud chamber conditions in the laboratory simulations ?
A large number of mechanism studies have focused on question 3, and the mechanisms derived consist of sets of processes which might give the inferred correlations between charge transfer characteristics and cloud chamber properties. This has often required invocation of two or more different mechanisms to describe the charging in different thermodynamic parameter regimes. In the asymptotic limit of a very thick layer the properties of the QLL are those of a layer of bulk water, but the QLL becomes appreciably different as the thickness is reduced below 10 or so molecular layers. For a review of this subject, see, for example, Dash [1989] . Our charge transfer model, i.e., the answers to questions 1, 2, and 3 presented in our introduction, is based on the assumption that both of the colliding particles are covered by QLLs. We summarize the model here and support it via a brief review of the relevant physics of surface melting. Finally, we suggest experiments needed to test this model.
1. What are the charge carriers? In the case where there are no trace contaminants, these are disassociated hydronium and hydroxyl ions in the QLL. If there are dissolved impurities, there may be additional ionic charge carriers. The charge distribution inside the QLL is not uniform, because of preferential adsorption effects at both the solidliquid and the liquid-vapor interfaces.
2. What drives the flow of charge during collisions? The charging of an ice particle in a pure vapor environment occurs when it loses or gains QLL fluid carrying net charge, i.e., the charge separation process is associated with a mass transfer process occurring (1) during collisions, when mass flows from one particle to another or (2) during fracture, as part of an ice particle breaks off. The direction of mass flow and hence the polarity of the ensuing charge flow is determined by differences in the chemical potentials (Gibbs free energies per molecule) of the separating particles.
3. Why is charge transfer correlated with environmental thermodynamic conditions? The chemical potential inside the QLL in a given location depends on the local surface curvature and the local thermodynamic conditions; thus the mass flow direction and hence also the direction of charge flow also depend on local conditions. (In equilibrium, as we recall below, the chemical potential is everywhere constant.)
In the next paragraphs we justify and expand on these statements by means of a brief discussion of surface melting as it is currently understood [Dash, 1990; L6wen, 1989] .
The theory rests on consideration of G, the Gibbs free energy of a system consisting of ice in contact with vapor. 
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If we now set equal to 0 the change in G accompanying the transfer of a few molecules from the QLL to the vapor, we find that in equilibrium a,/ af(h)
PN dh so for the equilibrium system, if the vapor-ice interface is flat, 
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Effect of surface curvature.
We consider now the formation of the QLL on a curved surface. For simplicity, consider the case that the ice particle is a sphere of radius R. By algebra exactly analogous to that above, we can show that in equilibrium, assuming h/R << 1 [Baker and Dash, 1989, equation (4) 
As the radius of curvature decreases, the equilibrium vapor pressure increases, the equilibrium QLL thickness increases, and /aQLL increases.
Mass Transfer
We consider the approach of two particles having different chemical potentials, due to a combination of temperature and curvature effects, manifested in different vapor pressures and different QLL thicknesses. As the particles near each other, there will be a net flow of vapor tending to reduce the difference in chemical potentials, i.e., flow from the thicker to the thinner film. When the particles make contact, the liquid layers merge, rapidly equilibrating any remaining difference in the chemical potentials. Then, as the particles move away from each other, the bridging liquid narrows and breaks, leaving a fraction of the combined thickness on each particle. We expect that the fractions are subject to some statistical variation, as they depend on many parameters of the dynamical process. The average, however, should be close to an equal sharing of the merged thickness. By this argument the predicted mass transfer tends to be from the particles with locally warmer and/or higher curvature surfaces, amounting on average to one half of the difference in the QLL quantities on the contacting surfaces.
For estimates of magnitudes we assume a collision involving contacting surfaces of radii r 1 and r2, r 1 << r2, bearing QLLs of thickness hi and h2.
We can use the familiar Hertzian collision theory [Tabor, 1951] 
Charge Transfer
If the transferred liquid carries net electrical charge, this mass transfer will be accompanied by charge transfer. To determine the amount of charge flow, we must know the net charge density within the flowing liquid.
In his theoretical treatment of the QLL, Fletcher [1968] showed that orientation of water molecules (and, consequently, their dipole moments) at the liquid-vapor interface produces an electrostatic field inside the layer. Fletcher's calculation of the equilibrium configuration implied that the surface dipole moments were oriented with the positive charges (the hydrogen atoms) pointing into the vapor and the oxygens into the layer. Based on this configuration, Baker and Dash [1989] showed that there would be net negative screening charge in the outer layers of the QLL. These outer layers would comprise the transferred fluid. Therefore loss of QLL fluid from a particle would result in positive charging of the remaining particle.
Subsequent theoretical work [Wilson et al., 1988; Townsend, 1991] has cast doubt on the dipole orientation originally proposed by Fletcher. Experimental results are ambiguous. However, much stronger segregational effects known to occur at water-mineral interfaces [Jaycock and Parfitt, 1981 ] are likely to occur in the neighborhood of ice-liquid interfaces, and they can affect charge carrier densities extending out to many molecular diameters in the adjacent liquid. Many studies have explored these electrical effects as a function of solute species and concentrations, associated with dynamic freezing and also at static interfaces [Workman and Reynolds, 1950; Drost-Hansen, 1967; Gross, 1965 Gross, , 1971 . All these were bulk measurements; the variations are complex and depend on species and freezing rate. In the atmosphere and in the charging simulations the particles were exposed to room air, which introduces a variety of impurities, some of which are ionic species that dissolve in water, and there may be preferential absorption of ions of one or the other sign into the ice. Therefore it is not possible at this time to unambiguously determine the extent of charge segregation inside the QLL. We therefore are limited to estimates of the charge density required in order to explain the charge simulation experiments. In these the magnitude of/•q, the charge transferred per collision, was generally of the order of tens of femtocoulombs, varying with experimental parameters.
Let the surface charge density at the liquid-ice interface be While this calculation underestimates the growth effect that would be found in the high supersaturations (relative to ice) in water-saturated clouds and in most of the simulations, it shows that h must increase during growth and decrease during evaporation.
Discussion
The charge transfer mechanism we have outlined here provides tentative answers to questions 1 and 2 of our introduction. These must be tested by further experimental work. Our fundamental premise is that charge transfer during collisions is associated with mass transfer between ice particles. Current ideas on surface melting lead to the prediction that there is a flow of surface material from warm to cold, from regions of high surface curvature to those of smaller curvature, and from regions of high vapor growth to regions of lower growth or evaporation. If the fluid is negatively charged, this flow is consistent with the observed trends in dependence of charge transfer on environmental conditions. A fundamental test for our charge transfer model would be an investigation of the correlation between mass and charge transfer. Irregularities on the ice surface may be involved in charge transfer. It would be desirable to observe the ice surface during timing as well as during evaporation and vapor growth, first in pure vapor environments and then under controlled concentrations of atmospheric gases. The goal would be to observe the evolution of protruberances and pits under a range of nonequilibrium conditions. Such an investigation is now being initiated at the University of Washington.
